Fuchs endothelial corneal dystrophy (FECD) is a corneal disease characterized by abnormalities in the Descemet membrane and the corneal endothelium. The etiology of this disease is poorly understood. An increased level of oxidative DNA damage reported in FECD corneas suggests a role of DNA base excision repair (BER) genes in its pathogenesis. In this work, we searched for the association between variation of the PARP-1, NEIL1, POLG, and XRCC1 genes and FECD occurrence.
Background
Fuchs endothelial corneal dystrophy (FECD) is a posterior corneal dystrophy characterized by loss of endothelial cell density, changes in Descemet membrane, and corneal edema [1] . The signs of the disease include the formation of excrescences on a thickened Descemet membrane called 'cornea guttae', edema of the stroma, and loss of corneal clarity and visual acuity [2, 3] . FECD is usually a late-onset disorder; it affects approximately 4% of individuals above 40 years of age, although a higher prevalence was reported in some populations, including European and American ones [4] . The majority of patients with FECD are classified as sporadic, but an autosomal dominant pattern of inheritance was also reported in several familial studies [5] .
Despite intensive research, the etiology of FECD is not completely known. It seems that interaction of genetic and environmental factors contribute to development and progression of FECD [6, 7] . Several causal genes were proposed as involved in the pathogenesis of FECD [1, 4] . A rare early-onset form of FECD is linked with mutations in COL8A2, encoding collagen type VIII [8, 9] , whereas genetic linkage analysis revealed 13pTel-13q12.13, 18q21.2-18q21.32, 5q33.1-5q35.2 and 9p22.1-9p24.1 loci as associated with more common lateonset FECD [10] [11] [12] [13] . In addition, mutations in the ZEB1 and TCF4 genes that encode transcription factors, as well as the SLC4A11 and LOXHD1 genes encoding membrane transport proteins, were also reported to be associated with sporadic and familial cases of late-onset FECD [14] [15] [16] [17] [18] [19] [20] .
A growing body of evidence shows that oxidative stress plays a role in the pathogenesis of FECD [6, 21] . Proteomic analysis of corneal endothelium showed a decreased level of certain antioxidants, including peroxiredoxins, thioredoxin reductase, metallothionein 3, superoxide dismutase 2, nuclear ferritin, and glutathione S-transferase p in FECD corneas [6, 16] . FECD corneas may be more susceptible to oxidative damage resulting from oxidant-antioxidant imbalance. Reactive oxygen species (ROS) induce various types of DNA damage, including oxidized bases, abasic sites, and single-and double-strand breaks [22] . Results of studies on FECD corneal endothelium showed that a level of 8-hydroxy-2'-deoxyguanosine (8-oxoG) , which is an oxidative damage marker in DNA, is increased compared to normal age-matched controls [6] . Moreover, the majority of 8-oxoGs is located in the mitochondrial DNA (mtDNA), suggesting that it is a key target of alterations observed in FECD. A decreased number of mitochondria in endothelium and a decreased activity of cytochrome c oxidase -the major respiratory chain enzyme -were also found in FECD corneas [23, 24] . Oxidative mtDNA damage may cause dysfunctional mitochondrial protein synthesis, loss of integrity of inner mitochondrial membrane potential, and apoptotic cell death. Increased apoptotic cell death detected in FECD endothelium suggests that oxidative stress-induced apoptosis may be involved in the causal mechanism of FECD [25] .
Base excision repair is involved in the repair of many oxidative modifications from both nDNA and mtDNA. Defects in base excision repair (BER) affect genome stability and may induce various disorders [26] . The aim of this study was to assess whether change in the sequence of gene(s) involved in BER are associated with FECD occurrence. In this study, we investigated the association between 5 polymorphisms of the BER genes: the g.46438521G>C (rs4462560) in NEIL1, c.2285T>C (rs1136410) in PARP-1, c.-1370T>A (rs1054875) in POLG, c.580C>T (rs1799782), and c.1196A>G (rs25487) in XRCC1 and FECD in the Polish population, as well as the modulation of this association by demographic and environmental risk factors.
had detailed medical history taken and none had any genetic disease. Collected data included sex, age, allergy, co-occurrence of heart or vascular diseases, visual impairment (including hyperopia, astigmatism, or myopia), smoking, body mass index (BMI), and family history among first-degree relatives for FECD. Smoking was categorized as current, former, or never smokers. Characteristics of all subjects are presented in Table 1 .
Each patient gave 5 milliliters of venous blood to EDTAcontaining tubes, which were stored at -20°C.
Selection of SNPs and primer design
The National Center for Biotechnology Information at (http:// www.ncbi.nlm.nih.gov/snp) was used to select SNPs in BER genes. We chose 5 polymorphisms: the g.46438521G>C in NEIL1, c.2285T>C in PARP- 1 
DNA isolation
DNA was isolated from PBL using AxyPrep™ Blood Genomic DNA Miniprep Kit (Axygen Biosciences, Union City, CA, USA).
Genotyping of g.46438521G>C of NEIL1
The g.46438521G>C polymorphism was genotyped by HRM on a C1000™ Thermal Cycler (Bio-Rad, Hercules, CA, USA). PCR reaction was carried out in a volume of 10 μl containing 25 ng of genomic DNA, 1× KAPA HRM FAST Master Mix (with EvaGreen ® dye) and 0.25 μM of each primer (Sigma-Aldrich, St. Louis, MO, USA), and 2.5 mM MgCl 2 (Kapa Biosystems, Woburn, MA, USA). The sequences of the primers used in PCR were as follows: forward 5'-GGG CTT CTC AAC TCA TGG TC-3' and reverse 5'-ACA GGA GAG ACT GGG GAC CT-3. Amplification conditions were as follows: 2 min denaturation at 95°C, followed by 49 cycles of denaturation 5 s at 95°C; and annealing 30 s at 60.3°C. The products were heated to 95°C for 30 s and then sample temperature was reduced to 60°C for 1 min. HRM data were acquired at 71-85°C, increment 0.2°C, for 0:10 min (Supplementary Figure 1) . Analysis was performed using Bio-Rad Precision Melt Analysis™ software.
Genotyping of c.2285T>C of PARP-1
The c.2285T>C polymorphism in the PARP-1 gene was genotyped using the TaqMan ® SNP Genotyping Assay. Subjects were genotyped using ID: C_11468118_10 assay (Life Technologies, Foster City, CA, USA), which consists of forward and reverse primers and 2 TaqMan probes: 1 probe labeled with VIC ® -dye specific to the C allele, and 1 probe labeled with FAM™ dye specific to the T allele. Real-time PCR was carried out on the same thermal cycler as in HRM analysis, using the recommended conditions, including 10 min incubation at 95°C, followed by 40 cycles, 15 s denaturation at 92°C, and 1 min 
Supplementary Figure 2.
Results of the TaqMan ® SNP Genotyping Assay of the c.2285T>C polymorphism (rs1136410) of the PARP-1 gene. The X-axis represents the relative fluorescent emission for the T allelespecific probe labeled with 6-carboxyfluorescein (FAM), and the Y-axis represents the emission for the C allele-specific probe labeled with 2'-chloro-7'-phenyl-1,4-dichloro-6-carboxyfluorescein (VIC). Circles -homozygous GG; trianglesheterozygous AG. Diamonds represent no template controls. Figure 2) . Restriction DNA fragments were separated by electrophoresis on an 8% polyacrylamide gel and stained with ethidium bromide (0.5 mg/ml) using M100-500 DNA Ladder (BLIRT S.A., Gdansk, Poland) or a GeneRuler™ 100 bp (Fermentas, Hanover, MD, USA) as a size marker. Electrophoresis was carried out at 5 V/cm in TBE buffer. The gel was then visualized under UV illumination. All PCR amplifications were conducted in the C1000 Thermal Cycler.
Statistical analysis
We verified the Hardy-Weinberg equilibrium of genotype distributions separately among patients and controls by the chisquare (c 2 ) test [29, 30] . In addition, the c 2 test was used to This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License estimate the differences in frequency distributions of demographic and potential risk factors for FECD and genotypes and alleles between the these 2 groups. Unconditional logistic regression, both with and without adjustment for sex, age, family history of FECD, and co-occurrence of visual disturbances, was used to estimate the odds ratios (ORs) and their 95% confidence intervals (CIs) for the association between the genotypes/ combined genotypes and risk of FECD. Moreover, the data were analyzed stratified by sex and form of FECD. PHASE software (http://stephenslab.uchicago.edu/software.html) was used to assess the association of haplotypes with FECD. Data were analyzed with the SigmaPlot v 11.0 (Systat Software, Inc., San Jose, CA, USA).
Results
Characteristics of study population This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License higher compared to controls (15% vs. 1%, p<0.001). We detected a significant difference between distributions of sex, age, family history for FECD (positive vs negative), and co-occurrence of visual impairment (yes vs. no). These variables were further adjusted in the multivariate logistic regression analysis.
Relationship between risk factor of FECD and the occurrence of FECD independently of genotype Age, sex, tobacco smoking, co-occurrence of FECD in family, visual disturbances, heart and vascular diseases, allergies, and BMI were analyzed for association with FECD independently of genotype. We compared FECD patients with controls according to these parameters (Table 2) . We observed positive correlations between females, higher age, FECD in family, and co-occurrence of visual disturbances and increased the occurrence of FECD. No significant difference was found in the distribution of BMI, smoking status, co-occurrence of allergies, or heart and vascular diseases in FECD patients and controls. The genotype and allele distributions of 5 polymorphisms in NEIL1, PARP-1, POLG, and XRCC1 genes in FECD patients and controls are presented in Table 3 . The observed genotypes frequencies for the c.580C>T were in agreement with HardyWeinberg equilibrium (p>0.05, data not shown) for the controls and patients. A positive association between FECD occurrence and the C/G genotype of the g.46438521G>C polymorphism was found. Moreover, the A/A genotype and the A allele of the c.1196A>G polymorphism were positively correlated with the occurrence of FECD, whereas the G allele had a protective effect against this disease. No association between genotypes/alleles of the c.2285T>C, c.-1370T>A and c.580C>T and FECD occurrence were found.
Gene-gene interaction and FECD occurrence
The association between the occurrence of FECD and combined genotypes of the c.2285T>C, g.46438521G>C, c.-1370T>A, c.1196A>G, and c.580C>T polymorphisms were 
Haplotypes and FECD occurrence
In this study we also checked the association between the occurrence of FECD and haplotypes of the c.580C>T and c.1196A>G polymorphisms of the XRCC1 gene ( The distribution of genotypes and allele frequencies of polymorphisms in the NEIL1, PARP-1, POLG, and XRCC1 genes and the values obtained by the analysis of OR in groups of females and males are reported in Supplementary Table 10 . In analysis for the c.1196A>G polymorphisms, the A/A genotype and the A allele were correlated with increased FECD occurrence, whereas the G allele was negatively correlated with FECD in males. We found no association between studied polymorphisms and FECD occurrence in females. We also analyzed the frequencies of genotypes/alleles and the risk of FECD stratified by form of FECD (Supplementary Tables 11-13 ). We detected that the T/T and the T allele were associated with decreased occurrence of the scattered form of FECD, whereas the A allele increased it. We did not detect any correlations between studied polymorphisms and central form of FECD.
On the other hand, the A/A genotype and the A allele of the c.1196A>G polymorphism were positively correlated with increased occurrence of the undefined form of FECD, whereas the G allele had a protective effect against it.
Discussion
The analysis of potential risk factors independently from genotypes in our study showed a significant influence of sex, age, visual impairment, and positive FECD family history on FECD occurrence. Our results are in general accordance with results obtained in other laboratories. Correlation between positive FECD family history in first-degree relatives and FECD occurrence was detected in several other studies [9] . A significant association between visual impairment and FECD occurrence was also reported [31] . In addition, a number of studies indicated that female sex may be a risk factor of FECD [8, 9] . This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License As mentioned above, oxidative stress is also implicated in FECD pathogenesis. The presence of DNA oxidative damage in FECD cornea may also suggest the role of DNA repair genes. Therefore, we checked a role of 5 polymorphisms in 4 BERassociated genes in FECD occurrence in the Polish population.
Nei endonuclease VIII-like 1 (NEIL1) is 1 of 11 known human DNA glycosylases involved in the BER pathway [32] . It is responsible for recognizing and removal of a wide range of substrates, including 8-hydroxyguanine, thymine glycol (Tg), 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyG), and 4,6-diamino-5-formamidopyrimidine (FapyA) [10, 33, 34] . Moreover, NEIL1 also possesses apurinic/apyrimidinic (AP) lyase activity, cleaving a DNA strand at the AP site via betaand delta-elimination [35] . Currently, the role of genetic variation in the NEIL1 gene is poorly studied. Mutations in NEIL1 and reduced expression of this protein are associated with gastric cancers, indicating the potential biological importance of the enzyme [36] . In this study, we investigated the role the g.46438521G>C polymorphism located in the 3' near gene. It was found that this polymorphism has a protective effect on radiation-induced toxicity [37] . We showed a weak association between the C/G genotype of the g.46438521G>C polymorphism of the NEIL1 gene and increased FECD occurrence, but we do not think it is biologically important. The lower limit of the 95% CI was close to 1 and we did not find any other association in this polymorphism. Therefore, future studies are needed to determine if this SNP is associated with FECD.
Supplementary
Poly (ADP-ribose) polymerase family member 1 (PARP-1) has a key role in the repair of DNA damage [38] . It recognizes DNA single-strand breaks and then catalyzes the poly(ADP-ribosyl) ation, giving a signal for other repair proteins. PARP-1 is also involved in maintenance of chromatin structure and DNA metabolism [39, 40] . The c.2285T>C polymorphism is one of the best characterized variations in PARP-1. This polymorphism causes substitution of valine to alanine in the catalytic domain of PARP-1, resulting in reduced enzymatic activity [41] . Several studies reported an association between the c.2285T>C polymorphism and development of bladder, prostate, cervical, and thyroid cancer [42] [43] [44] [45] . Variants at the promoter of the PARP-1 gene were also significantly associated with the development of Parkinson's disease and Alzheimer's disease, which, like FECD, are oxidative stress-related diseases [46, 47] .
X-ray repair cross complementing group 1 (XRCC1) is another important component of BER [48] . XRCC1 is a crucial scaffold protein that interacts with PARP-1, DNA ligase III (LIG3), DNA polymerase b (POLB), and APEX nuclease 1 (APEX1) [48] [49] [50] [51] . XRCC1 also takes part in the stimulation of the 3'-DNA phosphatase and 5'-DNA kinase activities of PNK, and accelerates the single-strand break repair reaction in vitro [52] . The c.580C>T and the c.1196A>G polymorphisms were extensively studied in XRCC1 [53, 54] . The c.580C>T polymorphism causes a change from arginine to tryptophan in an evolutionarily conserved linker region that coordinates protein interactions [53] . In turn, the c.1196A>G polymorphism is a missense mutation in the poly (ADP-ribose) polymerase-binding domain. An association between these polymorphisms and several diseases, including cervical cancer, glioma, and lung cancer, was reported [47, 55, 56] .
It was also reported that there is a correlation between the c.1196A>G polymorphism and increased risk of eye diseases, including age-related cataract and primary open-angle glaucoma [57, 58] . Our previous studies showed a significant association between the c.580C>T and c.1196A>G polymorphisms and the occurrence of another corneal disease -keratoconus [30] . In this work, we did not find any association between the c.580C>T polymorphism and FECD occurrence. However, analysis of the impact of the c.1196A>G polymorphism on FECD This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License risk showed a correlation of the A/A genotype and the A allele with increased FECD occurrence, whereas the G allele was associated with decreased occurrence. Stratification analysis showed similar association only among patients with Szaflik's undefined form of FECD. Therefore, the c.1196A>G polymorphism should rather be attributed to undefined the form of FECD than to FECD in general. The presence of the A allele may induce alternation in the active site of the XRCC1 protein, resulting in deficient DNA repair. In oxidative stress conditions, this modification may increase the susceptibility of the cornea to oxidative DNA damage, leading to a pathological state in this tissue and FECD development.
POLG encodes alpha subunit of DNA polymerase g on chromosome 15q25. Polymerase g possesses both 3'-5' exonuclease and 5'dRP lyase activities [59] . This enzyme occurs in mitochondria, where it is responsible for mitochondrial DNA replication and plays critical roles in mtDNA repair [60] . Alternation in the POLG gene may lead to mutagenesis of mtDNA, which in turn causes disturbance in oxidative phosphorylation. Mutations in the POLG gene were commonly associated with human mitochondrial diseases, including myoclonus epilepsy myopathy sensory ataxia (MEMSA), Alpers-Huttenlocher syndrome, and myocerebrohepatopathy spectrum disorder (MCHS) [61, 62] . Changes in POLG are also responsible for an eye disease -progressive external ophthalmoplegia [63] . In a previously study, we reported an association of the c.-1370T>A polymorphism with keratoconus [30] . We found that Szaflik's scattered form of FECD was positively correlated with the A allele and negatively correlated with the T allele of c.-1370T>A. Although functional studies of this polymorphism have not been performed, its localization in the regulatory region of POLG may indicate that the A allele influences its transcription level and may lead to reduction in its activity, accumulation of mtDNA damage, apoptosis, and, finally, to corneal lesions typical for FECD.
Conclusions
Polymorphisms in BER genes may play a role in FECD pathogenesis in the Polish population.
